A series of measurements is made on a lawn field for sound propagation in two opposite directions. The average and the standard deviation are calculated from the field data in order to obtain the mean excess attenuation with nearly zero vector wind and the variation of sound level within a range of wind speed less than 3m/s. It is shown that the mean excess attenuation approximately agrees with a theoretically predicted value of ground attenuation, but by the effect of meteorological conditions the variation of sound level extremely increases with distance. The mean excess attenuation and the sound level variation are approximated by simple expressions with a parameter of a specific distance from which the attenuation and the variation start to increase. It is shown that the specific distance has a linear relation with a mean propagation height on a logarithmic scale. Numerical expression is given to the relation and an engineering model is obtained for the mean excess attenuation and the sound level variation.
INTRODUCTION
Prediction of outdoor sound propagation is one of the most important issues for assessment of sound environment in areas located at a certain distance from traffic facilities such as highway, railway and airport.
The main factors by which sound propagation is affected in outdoor are ground property and meteorological conditions. Based on the experimental data of sound propagation from a jet engine at air fields, Parkin and Scholes1,2) showed strong dependence of sound propagation on vector wind and large attenuation attributable to ground absorption. These features are very important if a sound prediction is made to areas at a long distance from a sound source, because the effects become considerably larger as an observation point goes further away from the source. 2. MEASUREMENTS
Site of Measurements and Test Procedure
The measurements were made at a ground in Tsukuba Space Center. The ground was covered with lawn (short cut grass of about 50 mm thick) and was flat along a line of microphone setting positions. The microphone arrangement is shown in Fig. 1 . The range of measurement was 360m and the microphones were arranged symmetrically with respect to the middle of the line. The heights of microphones were 1.2m, 3.5m and 7m above the ground. Two loud-speakers were used as sound sources and they were located face to face at both ends of the line of microphones.
Measurement of sound propagation was started with one of the sources and the source heights were 0.3m, 1.2m, 2.5m and 3.5m at each trial. After a series of trials, the sound source was switched to the other one at the opposite side and the same procedure was repeated in order to obtain sound propagation data with an opposite vector wind. One set of tests consisted of eight trials and it took about two hours to complete. The measurements were made over two days and three sets of tests were carried out.
Measurement Technique
A synchronized integration technique11) was em- Fig. 1 Geometry of the sources and microphones. (1) The sound measurement is possible even if the test signal is suffered from the background noise at a receiver.
(2) The influence of non-stationary background noise, such as vehicle noise, can be easily checked by the signal ON/OFF procedure.
(3) The size of momentary fluctuation, for instance the standard deviation of the sound pressure levels, can be estimated.
The resultant sound pressure levels at each microphone were corrected for air absorption by the use of ANSI S1.26-1978.12) From the results, sound attenuations in excess to spherical spreading and air absorption were determined,
Meteorological Measurements
The wind speed and temperature (mean value readings over five minutes) at the test site were measured with an anemometer (RION AM-10) at a height of 7 m above the ground and the wind direction was recorded at a height of 3.5 m. Those meteorological data were obtained continuously throughout the sound measurements. 
Effect of Vector Wind
A typical example of data of excess attenuation against distance at a frequency of 1,000 Hz is shown in Fig. 3 for six vector wind conditions. The source and the receiver heights are 2.5m and 1.2m, respectively. The range of vector wind is-4.6m/s to+1.9m/s.
The excess attenuations in the figure show wide scatter with increasing distance. One can see that the excess attenuations for the vector wind of+1.3m/s, plotted by empty triangles, show values of about-3 dB for all distances from 5m to 360m, which means the propagation in this case has no attenuation in excess of the inverse square law and the air absorption. On the other hand the excess attenuations for the vector wind of-1.3m/s, plotted by solid rectangles, show values around-3 dB up to 40m and increase steadily thereafter to 20 dB at 360m. The sound level change at 360m is therefore 23 dB within the range of vector wind to the wind effect as Parkin and Scholes indicated.
However, the excess attenuations do not necessarily line up in the order corresponding to the magnitude of vector wind. For instance, there are two excess attenuation data with a similar vector wind of plus 1.3m/s in Fig.3 .
One of the data shows no excess attenuation as described above and the other shows increase in excess attenuation from the distance of 80m to 360m resulting in the level difference of 15 dB. The reason for this is not clear, but it might be resulted from the meteorological conditions of wind or temperature profiles above the ground. From the meteorological data observed at Meteorological Research Institute, the vector wind profiles against height was examined. The profile from 10m up to 213 m above the ground is shown in Figs. 4(a)-(b) which correspond to the two cases just mentioned above. The vector wind profiles show quite different from each other. The vector wind in Fig. 4(a) changes from-1m/s to+1.5m/s with increasing height, on the other hand the vector wind in Fig. 4(b) changes from+1.5m/s to 0m/s with increasing height. The former resulted in no excess attenuation at all distances. The symbols x in the figures show the vector wind data at the propagation test site. There is a difference in wind condition between the test site and Meteorological Research Institute below 10m above the ground. This might be caused by local topographic conditions or regional meteorological conditions.
For the temperature profile, the differences be- 
Mean Excess Attenuation
Although the strong dependence of the propagation on vector wind was not clearly observed in the present measurements, the attempt to investigate the propagation at nearly zero vector wind was continued successively. Excluding the data for the last four trials in which unexpected strong breezes with the wind speed of greater than 5m/s were observed, we calculated the average and standard deviation of the excess attenuations from the rest of data.
The average vector winds were obtained as well and they were-0.1m/s, 0.0m/s, where A and B are unknown coefficients. They are determined from the data in Table 1 by the least squares method and the results are shown in Table  2 . The coefficients for 250 Hz were determined from the data greater than Ha= 1.5 m. The lines estimated from Eq. (2) and The coefficient K was determined by Table 3 Values of Rom, which are estimated by the least squares method (K=10). where C and D are coefficients. The coefficients determined from the data in Table 3 are shown in Table 4 .
It is shown that the values of Rom have also a linear relation with mean propagation height on the log scale in Fig. 9 . One can find that Rom decreases as the mean propagation height decreases, which means the sound level variation due to meteorologi- Table 4 Values of C and D in Eq. (4).
cal conditions increases as the heights of source and/ or receiver come close to the ground surface. Moreover, the sound level variation at high frequency starts to increase at distance shorter than that in the case of low frequency, which means high frequency sound tends to receive meteorological effects strongly even if the distance is short. Table 5 Values of E and F in Eq. (5) .
where E and F were determined from the data in Table  1 and Table  3 . The results are shown in Table 3 to the sound level variation due to vector wind. By modifying the formula and specifying a certain vector wind, we can obtain the same expression as Tachibana and Yoshihisa15) proposed. Since the sound level variation in the present data was greater than we expected, the coefficients in the expression may have values larger than those in their formula.
The values of Rog and Rom are separated in two groups as are shown in Fig. 7 and Fig. 9 . One is for Hs=0.3m and the other is Hs>1.2m, and the former shows less values than the latter above frequency of 1kHz. This means sound propagation is greatly influenced by ground and meteorological conditions if the sound source is located close to the ground. One reason for this might be that the sound propagation which is close to a grazing angle is likely to receive irregular reflection from the roughness of ground surface. The other reason might be that the ground roughness produces disturbance of the atmosphere in a breeze of wind, resulting in momentary fluctuation of the propagated sound due to irregular sound refraction. The prediction in this case will need a large allowance of sound level variation.
CONCLUDING REMARKS
A series of sound propagation measurement was made on a lawn field, and the mean excess attenuation and the sound level variation have been examined. The results indicated that the mean excess attenuation with nearly zero vector wind approximately agreed with the theoretical values of ground effect. However the sound level variation is likely to increase with increasing distance. The mean excess attenuation and the standard deviation have been approximated by simple expressions by introducing specific distances from which the attenuation and the variation start to increase. The specific distances have a linear relation with mean propagation heights on the logarithmic scale. We have given numerical expressions to these relations and determined the coefficients by the least squares method. The present calculation model can be applicable to the estimation of sound propagation over a ground covered with lawn or over similar ones.
One may rebuild a calculation model for prediction of A-weighted sound level from traffics such as vehicles, trains and so on by applying their spectra to the present model. Considering the background of our data, the prediction has to be limited to the distance less than 360m.
